From the unification scale to the weak scale: A self consistent
  supersymmetric Dine-Fischler-Srednicki-Zhitnitsky axion model by Dreiner, Herbi K. et al.
BONN-TH-2014-04
From the unification scale to the weak scale: A self consistent supersymmetric
Dine-Fischler-Srednicki-Zhitnitsky axion model
Herbi K. Dreiner,1, ∗ Florian Staub,1, † and Lorenzo Ubaldi1, ‡
1Bethe Center for Theoretical Physics & Physikalisches Institut der Universität Bonn,
53115 Bonn, Germany
The distinguishing feature of the Dine-Fischler-Srednicki-Zhitnitsky (DFSZ) axion is that it cou-
ples to the electroweak Higgs fields. There is thus an immediate connection between the Peccei-
Quinn (PQ) scale and the weak scale. We wish to incorporate the DFSZ axion in a complete
supersymmetric model, valid at all scales, and then to implement it in a numerical code connecting
the high scale and the low scale physics on a quantitative level. We find that the simplest super-
symmetric DFSZ model, as proposed by Rajagopal et al. in 1990, is inconsistent when we consider
the minimization of the scalar potential. The problem is that we obtain a negative squared mass
for the saxion, the scalar partner of the axion, at the minimum. We then consider the minimal
extension in order to get a consistent model for all scales: one has to include an additional explicit
sector to spontaneously break the PQ symmetry. In the complete model we can determine the
mass of the axino, the fermionic partner of the axion. It is useful to distinguish two cases: (1) the
supersymmetry (SUSY) breaking scale is lower than the PQ breaking scale, and (2) the scales are
comparable. We find that the axino is very light in (1), while its mass is generically of the order
of the other soft SUSY breaking masses in (2). We have implemented SUSY breaking via generic
soft breaking terms, and thus make no explicit statement about the form and mediation of SUSY
breaking. This complete model can then be incorporated in a numerical code connecting the two
scales. We briefly discuss the renormalization group equations and the couplings of the axion to
gluons and photons.
INTRODUCTION
The Minimal Supersymmetric Standard Model
(MSSM) [1] is a complete model, which in principle
should explain all phenomena from low–energy physics
up to possible observations at the TeV scale. In its
full version it contains over a 100 free parameters. To
make it more predictive one typically makes simplifying
assumptions at the unification scale reducing the number
of parameters to only 5. This is for example the case
in the constrained minimal supersymmetric model
(CMSSM) [2]. The strength of such a model is that
one can test it in a self consistent way against basically
all experimental data. This includes a vast number
of experiments in a wide energy range, for example
measurements of the anomalous magnetic moment of
the muon, LHC data, as well as direct and indirect
searches for dark matter. This is possible thanks to the
renormalization group equations (RGEs) which relate
parameters at different energy scales [3, 4]. Because of
its simplicity and its predictive power the CMSSM has
been widely studied for years. Due to the recent strict
lower mass bounds on superpartner masses found at the
LHC the CMSSM is in some tension with the Higgs mass
measurement, as well as fine-tuning requirements [5, 6].
A theoretical problem which is left unaddressed in
the MSSM and in the CMSSM is the strong CP prob-
lem [7]. The most plausible solution is provided by the
axion [8, 9], which can be implemented in two ways. In
the first, the axion couples to new heavy quarks [10, 11]
charged under the color SU(3) gauge group and the
global Peccei–Quinn (PQ) U(1)PQ symmetry [12]. Mod-
els of this kind are referred to as KSVZ. Here the axion
sector is decoupled from the low-energy fields and we do
not consider these models any further. In the second im-
plementation, the DFSZ model [13, 14], the axion cou-
ples to two electroweak Higgs-doublet fields, which are
charged under the U(1)PQ; the Standard Model fermions
then also carry PQ charge. Employing the axion solution
in a supersymmetric model requires promoting the axion
to a superfield, which introduces two other new particles:
the saxion, a scalar, and the axino, a fermion. The axion
and also the axino have the virtue of themselves being
good dark matter candidates [13, 15].
Indeed the axino as a dark matter candidate has been
widely explored. However the studies in the litera-
ture [16–22] are not based on a complete model. Instead
they consider the axion/axino sector separately, repre-
sented by only a few operators, often in an effective field
theory framework, which encode the interactions of mat-
ter with the axino relevant only to its cosmological and
thermal history. In that way one can get constraints
that are fairly model independent. However with this
approach it is difficult to correlate constraints coming
from different observables at different energies, in partic-
ular also relating to the electroweak sector. If one wanted
to do so then one would have to refer to a specific more
complete model.
A step in the direction of a phenomenological ax-
ion model in supersymmetry (SUSY) to study con-
straints in a fashion similar to the CMSSM, was taken
by Baer and collaborators [23–28]. In particular in a re-
cent paper [29] they study a SUSY DFSZ axion model.
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2Their starting point consists of two different bench-
mark models initially without the axion: one is denoted
“radiatively-driven natural SUSY" [30], the other is the
minimal supergravity model (mSUGRA). They first gen-
erate the (non-axion/axino) SUSY model mass spectra
with ISAJET [31] for both models, and only as a sec-
ond step, after running the RGEs, they add the axion
superfield with its interactions and study the resulting
phenomenology. Thus these interactions are treated sep-
arately and do not enter in the details of the numerical
calculations of the spectrum generator. This is some-
what justified by the fact that the interactions of the ax-
ion supermultiplet with matter are suppressed by inverse
powers of the high PQ scale, fa ∼ 1012 GeV. However we
believe that it would be desirable to go a step further, and
include the axion from the start and study the full model
consistently. By using the same boundary conditions at
the GUT or SUSY breaking scale for the soft parameters
in the axion/axino sector as for the MSSM the model will
become more predictive. This should also be particularly
relevant when extending the model to R-parity violating
supersymmetry, where the axino also mixes with the neu-
trinos and neutralinos [17].
The aim of the current paper is to study what are the
minimal ingredients and assumptions needed to define a
self consistent SUSY axion model, in order to later study
its phenomenological implications with numerical tools
available today. We concentrate on a DFSZ, R–parity
conserving SUSY model. As SUSY already requires two
electroweak Higgs doublets, this model is more economi-
cal than its KSVZ counterpart. The minimal model one
might first consider is the one introduced in Ref. [15].
We show that this model has an inconsistent scalar sec-
tor: the saxion becomes tachyonic. We are thus forced to
add superpotential terms that spontaneously break the
PQ symmetry. The resulting model is self consistent and
predictive. One prediction, for example, is that the mass
of the heavy Higgs is modified compared to the MSSM.
In the context of these models we give what we consider
a sharper and more intuitive answer to a question which
has been investigated in the literature [32–34]: what is
the axino mass, ma˜, with broken supersymmetry? We
consider two cases. In the first and simpler case, the
SUSY breaking scale, MSB, is much smaller than the PQ
breaking scale, fa. Then we find that ma˜ ∼ O
(
M2SUSY
fa
)
,
with MSUSY ∼ TeV the scale of the soft SUSY breaking
terms. So the axino is very light. In the second case,
we consider MSB ≥ fa, which is representative of gravity
mediated SUSY breaking models where typically MSB ∼
MGUT, and find that ma˜ ∼ MSUSY. Our computations
agree with previous claims while providing a hopefully
new and edifying perspective on the issue.
THE MINIMAL INCONSISTENT MODEL
It is not straightforward to embed the DFSZ axion in
supersymmetric models. The trouble is that the non–
supersymmetric DFSZ model [13, 14] contains a term
gϕ2H†uHd in the scalar potential, where the phase of the
complex scalar field ϕ is the axion, Hu,d are two complex
Higgs doublets, and g is a dimensionless real coupling
constant. In supersymmetry this term can not be ob-
tained from a renormalizable superpotential. To circum-
vent this difficulty Rajagopal et al. proposed [15] a recipe
which consists in replacing the term µHˆuHˆd in the su-
perpotential (the hat here denotes a superfield) with the
term
c1AˆHˆuHˆd , (1)
where Aˆ is the axion superfield and c1 is a dimensionless
constant. Once the scalar component of the superfield,
A, gets a vacuum expectation value (VEV) 〈A〉 ∼ fa, the
parameter µeff is given by c1fa. This implies that c1 has
to be tuned to 10−9 or 10−10 in order to get µeff at the
weak scale. Despite being not a nice feature, this is no
worse than the tuning which is needed for the coupling
g ≤ 10−9 in the original DFSZ model [13], as already
observed in Ref. [15].
A more elegant implementation of the DFSZ axion in
SUSY can be obtained by dropping the requirement of
renormalizability and writing a higher dimensional op-
erator of the form g Aˆ
2
MPl
HˆuHˆd, where MPl is the Planck
mass. With a VEV 〈A〉 ∼ 1011 GeV, this results in a µeff
at the correct scale and thus provides a solution to the
µ–problem [35].
Nevertheless a renormalizable operator is easier to im-
plement in a numerical study of the complete model,
which is our main goal. Thus we choose the operator
of Eq. (1) and accept the tuning of µeff for the time be-
ing. A further justification for the choice of this operator
comes from a recent study [36], where the authors have
derived a consistent realization of a SUSY DFSZ axion
model within String Theory which can provide a micro-
scopic explanation for the simple recipe of Rajagopal et
al.
Let us then consider the model defined by the MSSM
with the µ–term replaced by Eq. (1). The full superpo-
tential, assuming R-parity conservation, reads
W = YuUˆQˆHˆu+YdDˆQˆHˆd+YeEˆLˆHˆd+ c1AˆHˆuHˆd . (2)
Yu,d,e are 3 × 3 Yukawa matrices. We have suppressed
generation and SU(2) and SU(3) gauge indices. The su-
perfield Aˆ and the Standard Model superfields carry PQ
charges, as is distinctive of DFSZ axion models, such that
each term is invariant under the global U(1)PQ. We will
see that the physical axion is a linear combination of the
CP odd scalar components of Aˆ, Hˆu and Hˆd, in complete
analogy with the non-SUSY model of Ref. [13]. In order
3to compute the physical spectrum, one assumes that A
gets a vacuum expectation value (VEV) 〈A〉 ∼ fa. We
show that simply assuming such a VEV without specify-
ing explicitly the PQ breaking mechanism and stabilizing
the PQ potential leads to an inconsistency in the model.
The scalar potential is given by
V = VF + VD + Vsoft , (3)
where
VF =
∑
φ
∣∣∣∣∣∂W˜ (φ)∂φ
∣∣∣∣∣
2
, (4)
VD =
1
2
g2i
(
ΦT i,aΦ Φ
∗
)(
ΦT i,aΦ Φ
∗
)
, (5)
Vsoft =Tuu˜q˜Hu + Tdd˜q˜Hd + Tee˜l˜Hd + Tc1AHuHd
+m2a|A|2 +m2Hu |Hu|2 +m2Hd |Hd|2 + φ˜†m2φ˜φ˜ ,
(6)
with φ˜ 3 {e˜, l˜, d˜, u˜, q˜}, as well as A, Hu, Hd the scalar
components of the respective superfields. Here W˜ (φ) de-
notes the superpotential evaluated as a function of scalar
fields. Tu,d,e,c1 are the trilinear soft breaking terms [37],
elsewhere often denoted A. T i,aΦ are the gauge genera-
tors. To avoid clutter we take the soft parameters to
be real in the following equations. This restriction does
not affect our conclusions. The conventional Bµ–term
resulting from Eq. (6) is given by Beff = Tc1〈A〉.
The parameters have to fulfill the following tadpole
equations to minimize the scalar potential at tree-level
∂V
∂φd
∣∣∣∣
φ=σ=0
=m2Hdvd +
1
8
[
4c21vd
(
v2u + f
2
a
)− 4√2vuBeff
+ vd
(
g21 + g
2
2
)
(v2d − v2u)
]
= 0 , (7)
∂V
∂φu
∣∣∣∣
φ=σ=0
=m2Huvu +
1
8
[
4c21vu
(
v2d + f
2
a
)− 4√2vdBeff
− vu
(
g21 + g
2
2
)
(v2d − v2u)
]
= 0 , (8)
∂V
∂φa
∣∣∣∣
φ=σ=0
=fam
2
a +
1
2fa
[
µ2eff
(
v2d + v
2
u
)
−
√
2vdvuBeff
]
= 0 . (9)
We have parametrized the scalar fields as in Ref. [13]:
Hd =
1√
2
(φd + iσd + vd) , Hu =
1√
2
(φu + iσu + vu)
A = 1√
2
(φa + iσa + fa) . (10)
The derivatives in Eqs. (7)-(9) are evaluated at the min-
imum, where φd,u,a = σd,u,a = 0. All tadpole equations
and mass matrices have been calculated with the public
code SARAH [38–42].
Upon closer examination, Eq. (9) presents a problem.
In order to solve the hierarchy problem, the scale of
the soft SUSY breaking terms [54], MSUSY, should be
of order MW . One would expect that ma ∼ MSUSY.
For proper electroweak symmetry breaking, we must also
have µ2eff , Beff = O(M2W ). Under these conditions Eq. (9)
is not soluble. Let us then fix µ2eff and Beff atM
2
SUSY and
solve for ma. Then ma ∼ M2SUSY/fa is tiny. This has
an important consequence: it leads to a negative squared
mass eigenvalue for the scalar field that we can identify
as the saxion.
Before we show this let us briefly compute the CP
odd scalar sector. After replacing the soft mass terms
with the solutions of the tadpole equations the mass ma-
trix squared in the basis (σd, σu, σa) reads in the Landau
gauge
M2CP odd =

Befftβ Beff
Beff tβv√
t2β+1fa
Beff
Beff
tβ
Beffv√
t2β+1fa
Beff tβv√
t2β+1fa
Beffv√
t2β+1fa
Beff tβv
2
(t2β+1)f2a
 . (11)
Here we have written tβ ≡ tanβ ≡ vuvd for the ratio of
the vacuum expectation values. The matrix Eq. (11) has
two eigenvalues which are exactly zero. One is associated
with the Goldstone boson which gets absorbed by the
massive Z boson. The other is associated with the axion,
the Goldstone boson of the spontaneously broken (global)
PQ symmetry. This represents a check that the SUSY
breaking effects have not spoiled the Goldstone theorem
[43]. The third eigenvalue is the mass squared of the
physical CP odd Higgs boson
m2A = Beff
tβ + 1
tβ
+
tβ v
2(
t2β + 1
)
f2a
 , (12)
which is the same as in the MSSM, apart from the very
small correction given by the last term.
Let us turn now to the scalar mass matrix squared
for the CP even states. After rotating the Higgs fields
(φd, φu)→ (h,H), it reads in the basis (h,H, φa)
4M2CP even =

[
16µ2eff t
2
β+f
2
a(g
2
1+g
2
2)(t
2
β−1)
2
]
v2
4f2a(t2β+1)
2
[f2a(g
2
1+g
2
2)−4µ2eff ]tβ(t2β−1)v2
2f2a(t2β+1)
2
2[µ2eff(t
2
β+1)−Beff tβ]v
fa(t2β+1)
[f2a(g
2
1+g
2
2)−4µ2eff ]tβ(t2β−1)v2
2f2a(t2β+1)
2
[f2a(g
2
1+g
2
2)−4µ2eff ]v2t3β+Befff2a(t2β+1)
3
f2atβ(t2β+1)
2
Beff(t2β−1)v
fa(t2β+1)
2[µ2eff(t
2
β+1)−Beff tβ]v
fa(t2β+1)
Beff(t2β−1)v
fa(t2β+1)
Beff tβv
2
f2a(t2β+1)
 . (13)
Neglecting the entries with a v2/f2a suppression and ap-
proximating t2β + 1 = t
2
β − 1 = t2β this matrix has the
form
1
4
(
g21 + g
2
2
)
v2
(g21+g
2
2)v
2
2tβ
2(µ2eff tβ−Beff)v
fatβ
(g21+g
2
2)v
2
2tβ
(g21+g
2
2)v
2
t2β
+Befftβ
Beff v
fa
2(µ2eff tβ−Beff)v
fatβ
Beff v
fa
0
 .
(14)
The determinant is given by
− 1
4f2a t
4
β
{
v4
(
g21 + g
2
2
) [
Beff
(
t2β + 4
)− 4µ2efftβ]2
+ 16Befft
3
βv
2
(
Beff − µ2efftβ
)2 }
. (15)
Beff must be positive, otherwise the mass of the charged
Higgs is below theW boson mass. Hence the determinant
is always negative and the saxion is a tachyon. This is
a new result to the best of our knowledge. We conclude
that this model is not consistent. As the issue can be
traced back to the minimization condition, Eq. (9), cor-
responding to the PQ-breaking VEV, the problem can
be fixed by adding terms in the superpotential to spon-
taneously break the PQ symmetry and stabilize the PQ
breaking scale.
A SELF-CONSISTENT MODEL
We add the following terms [44] to the superpotential
in Eq. (2)
WPQ = λχˆ
(
Aˆ ˆ¯A− 1
4
f2a
)
, (16)
with the distinct superfields Aˆ, ˆ¯A, as well as χˆ. ˆ¯A car-
ries a PQ charge opposite to Aˆ, while χˆ is PQ neutral.
Assuming that a global R symmetry [55] forbids terms
quadratic and cubic in χˆ, we have written all the terms
consistent with the gauge and PQ symmetries, as well as
with R-parity.
Considering the superpotential WPQ alone with un-
broken SUSY, one has two heavy superfields, χˆ and
1√
2
(Aˆ+ ˆ¯A), with masses ∼ fa, and a massless superfield,
1√
2
(Aˆ− ˆ¯A). The latter can be identified as the axion su-
perfield. If SUSY is broken at a scale MSB  fa we can
integrate out the heavy superfield in a supersymmetric
fashion and then consider the SUSY breaking effects in
the resulting effective theory. We will study this case in
the next section. When MSB  fa, like in supergravity
models, we have to take into account the SUSY breaking
effects also for the fields with masses ∼ fa. This is the
case we consider in the rest of this section.
After electroweak symmetry breaking (EWSB) χ gets
a VEV, vχ, thus the R symmetry is broken. The corre-
sponding R-axion has a mass of orderMSUSY because the
R-symmetry is also explicitly broken by the soft terms.
Beyond those in Eq. (6) we have the soft-breaking terms
V PQsoft = TλχAA¯− LV χ+m2a¯|A¯|2 +m2χ|χ|2 . (17)
The trilinear and linear terms, with coefficients Tλ and
LV , will play an important role when we discuss the mass
of the axino. Note that one expects LV ∼MSUSYf2a .
After PQ and EW breaking the fields Hd, Hu, A, A¯
and χ receive VEVs:
A = 1√
2
(φa + iσa + va) , A¯ =
1√
2
(φa¯ + iσa¯ + va¯)
χ = 1√
2
(φχ + iσχ + vχ) , (18)
with vava¯ = 12f
2
a . The fields Hu, Hd are parametrized as
in Eq. (10). The tadpole equations for φa, φa¯ and χ read
∂V
∂φa
= m2ava +
1
4
[
2va
(
c21
(
v2d + v
2
u
))
+ 2
√
2(vχva¯Tλ − vdvuTc1) + 2λ2vav2χ
]
= 0 , (19)
∂V
∂φa¯
= m2a¯va¯ +
1
4
(
− 2λc1vχvdvu + 2λ2va¯v2χ
+ 2
√
2vχvaTλ
)
= 0 , (20)
∂V
∂φχ
= m2χvχ −
√
2LV +
1
2
[
− λc1vdvuva¯ +
√
2vava¯Tλ
+ vχλ
2
(
v2a + v
2
a¯
) ]
= 0 . (21)
We can consistently solve these equations keeping all the
soft parameters at theMSUSY scale. In particular we can
5solve the last equation for vχ and find
vχ =
2
√
2
λ2(v2a + v
2
a¯)
LV −
√
2vava¯
λ2(v2a + v
2
a¯)
Tλ +O
(
M2SUSY
fa
)
.
(22)
This result will be important for the discussion below
on the axino mass.
First we comment on the scalar masses in our model.
Eq. (1) introduces a mixing between the MSSM Higgs
sector and the axion sector. It turns out that the cor-
rection to the light Higgs mass, mh, is of order µ2eff/fa,
which is negligible. As a consequence the usual upper
limit mh < mZ holds at tree level. On the other hand
the tree-level mass of the heavy Higgs, mH , is modified
as
m2H =
(
2Beff +
√
2µeffvχλ
)
sin(2β)
+
v2
4
sin2(2β)
(
g21 + g
2
2
)
.
(23)
Due to vχ 6= 0 this can be potentially different from the
MSSM. If we neglect the small mixing between the MSSM
and the axion sector the three squared mass eigenvalues
stemming from the mixing among (φa, φa¯, φχ) are given
by
4LV Tλ + T
2
λf
2
a
f2aλ
2
,
f3aλ
2 ± 4√2LV
2fa
. (24)
The first is the smaller one and is associated it with the
saxion mass squared. In models where the SUSY break-
ing effects are mediated by gravity, one expects the linear
and trilinear soft terms to be of order MSUSY ∼ m3/2,
with m3/2 the gravitino mass. In such a scenario the sax-
ion mass is then of order MSUSY. The other two scalars
have a mass of order fa. In the scalar CP-odd sector we
find a massless axion [56] as expected.
The extended neutralino mass matrix reads, in the ba-
sis
(
λB˜ , W˜
0, H˜0u, H˜
0
d , A˜,
˜¯A, χ˜
)
mχ0 =

M1 0
1
2g1vu − 12g1vd 0 0 0
0 M2 − 12g2vu 12g2vd 0 0 0
1
2g1vu − 12g2vu 0 − 1√2c1va − 1√2c1vd 0 0
− 12g1vd 12g2vd − 1√2c1va 0 − 1√2c1vu 0 0
0 0 − 1√
2
c1vd − 1√2c1vu 0 1√2vχλ 1√2va¯λ
0 0 0 0 1√
2
vχλ 0
1√
2
vaλ
0 0 0 0 1√
2
va¯λ
1√
2
vaλ 0

. (25)
In the limit va = va¯ = fa√2 , c1vu → 0, c1vd → 0 the lower
right 3× 3 block has the singular values [45]
− 1√
2
vχλ ,
1
2
√
2
(
±
√
v2χ + 4f
2
aλ+ vχλ
)
. (26)
The first is associated with the phyiscal axino. Its mass
is proportional to vχ, therefore of order MSUSY. It is
important to notice that the fact that the field χ develops
a VEV vχ is tightly connected to the SUSY breaking
effects. If the SUSY breaking scale is much lower than
the PQ scale, we can integrate out the heavy superfield χˆ
supersymmetrically, after which there would be no notion
of vχ any longer. When we study this limit in the next
section we will see that the resulting axino is very light.
In the model considered in this section we also have
an extra handle on the axino mass. We can relax the
assumption va = va¯ = fa√2 and consider a hierarchy be-
tween the two VEVs, for example va¯  va. If we do
so we find that the axino mass becomes lighter. In the
limit va → 0, keeping fixed vava¯ = 1/2f2a , the axino mass
tends to zero. We show the axino mass as a function of
tanβ′ =
√
va¯/va in Fig. 1.
Renormalization Group Equations
The full model defined by the superpotential terms in
Eqs. (2) and (16) can be defined as the minimal super-
symmetric DFSZ axion model. It is possible at this point
to make some simplifying assumptions in a CMSSM fash-
ion, and study phenomenology and constraints with a
relatively small parameter space. This will be studied in
a future work in detail but here we briefly comment on
the main aspects.
In the Appendix we give the one-loop RGEs for the ax-
ino sector and the changes in the β functions. As already
stated in the introduction, the β functions of the MSSM
parameters change only by terms of order µ/fa, which
is usually a negligible effect. This is in contrast to the
NMSSM, where the coupling between the Higgs doublets
and the gauge singlet, the analogous of our c1, can be of
order one and can significantly change the MSSM RGEs.
In the CMSSM one uses universal boundary condi-
tions. In the same spirit, the simplest choice to keep
the number of parameters to a minimum is to use the
same boundary conditions also for the parameters in our
new sector. Thus, our additional soft terms at the GUT
61 2 3 4 5
-1.0
-0.5
0.0
0.5
1.0
1.5
tan β′
lo
g 1
0
(m
a˜
/G
eV
)
FIG. 1: The mass of the axino as a function of tanβ′ =√
va¯/va. We fixed fa = 1012 GeV, λ = 10−2, Tλ = −1 TeV
and used vχ = 104 GeV (dotted line), vχ = 103 GeV (dashed
line), vχ = 102 GeV (plain line).
scale are fixed by two parameters, m20 and A0:
m2a = m
2
a¯ = m
2
χ ≡ m20 ,
Tλ ≡ A0λ , Tc1 ≡ A0c1 ,
while LV can be eliminated by using the minimization
conditions of the vacuum. With this setup, we have
immediately a lower limit on m0 of several hundreds of
GeV coming from squark searches at the LHC. If we ne-
glect the small contributions from c1 and Tc1 , the relation
m2a = m
2
a˜ = mχ2 ≡ m2 holds at each scale and we have
effectively the three RGEs
16pi2
d
dt
m2 =6m2|λ|2 + 2|Tλ|2 , (27)
16pi2
d
dt
λ =3λ|λ|2 , (28)
16pi2
d
dt
Tλ =9Tλ|λ|2 , (29)
which can even be solved analytically:
λ(t) =
2pi√
3(tGUT−t)
2 +
4pi2
λ2
, (30)
Tλ(t) =− 16i
√
2pi3A0
λ2
(
3(t− tGUT )− 8pi2λ2
)3/2 , (31)
m2(t) =
64pi4m20 − 8pi2λ2
(
A20 − 3m20
)
(tGUT − t)
(3λ2(tGUT − t) + 8pi 2)2
. (32)
Here t is the renormalization scale and tGUT the scale
of grand unification where the boundary conditions have
been applied.
THE AXINO MASS
In the above discussion we have parametrized the
SUSY breaking effects in the soft terms and assumed
a high SUSY breaking scale, MSB  fa. We have also
seen that we have some heavy fields in the spectrum,
with masses of order fa. In this section we study how in-
tegrating out the heavy fields affects the mass of the ax-
ino in the low energy theory. We distinguish two cases.
In the first we consider MSB  fa, as in the previous
section. Here we find that the axino mass remains of
order MSUSY. In the second we take the opposite limit,
MSB  fa, and find that the resulting axino is much
lighter.
High scale SUSY breaking
We have seen in Eq. (26) that retaining all the fields we
obtain an axino mass of order MSUSY. One may wonder
what happens to the axino mass in the low-energy the-
ory if we integrate out the heavy fields in this scenario.
We have to integrate them out component by compo-
nent as SUSY is already broken. First we diagonalize
the scalar and fermionic mass matrices. As we have seen
in eq. (24), it is easy to identify in the CP-even sector
the light state, the saxion, which we denote φevena here,
and the two heavy scalar states, with masses of order fa,
which we denote φevenb and φ
even
c . In the fermionic sector
we have the axino, ψa, associated with the first eigenvalue
in eq. (26), and two heavy fermions, ψb and ψc, associ-
ated with the other two eigenvalues. At tree level the
only contributions to the axino mass one can have when
integrating out the heavy fields is depicted in Fig. 2. Note
that only the CP-even scalars contribute. It is easy to
check that the yukawa coupling between the scalar and
the two ψa’s is the same for φevenb and φ
even
c . The scalar
propagator ends in a tadpole. This is the key point. The
tadpole is given by ∂V∂φeveni , with V the scalar potential.
Then one is guaranteed that the tadpoles for φevenb and
φevenc are zero, as this corresponds to the minimization
condition of the scalar potential. In the previous section
we used ∂V∂φi = 0 for the gauge eigenstates, φi. It is clear
that the same condition holds for the mass eigenstates
φeveni here, as we have
∂V
∂φeveni
=
∂φj
∂φeveni
∂V
∂φj
= 0. Thus the
contribution of the diagrams in Fig. 2 vanishes and the
axino mass at tree level does not change in the low en-
ergy. One might worry about loop corrections. At worst
these would be of order 116pi2MSUSY. Because of the 16pi
2
loop-suppression they would not provide any significant
cancelation. We conclude that the axino mass in this
scenario remains of order MSUSY.
7ψa ψa
φevenb,c
FIG. 2: Diagrams contributing to the axino mass when inte-
grating out the heavy fields φb,c.
Low scale SUSY breaking
If MSB  fa SUSY is still unbroken at the PQ scale
and we can perform the following redefinitions of the su-
perfields:
χˆ → χˆ , (33)
Aˆ →
(
1
2
fa +
1√
2
ΦˆH
)
e
√
2 Φˆafa , (34)
ˆ¯A →
(
1
2
fa +
1√
2
ΦˆH
)
e−
√
2 Φˆafa . (35)
Inserting into Eq. (16) we see that the superfields χˆ
and ΦˆH have masses of order fa, while Φˆa is massless.
The latter is the axion superfield. This parametriza-
tion [21] is useful because it explicitly shows that the
original PQ transformation Aˆ→ eiαAˆ is now encoded in
Φˆa → Φˆa + i
√
2αfa. We recognize here the shift symme-
try typical of axions that must be respected in the low
energy theory. Let’s consider the superpotential in terms
of the new superfields
W2 =
λ
2
χˆΦˆH(ΦˆH +
√
2fa)
+ c1
(
1
2
fa +
1√
2
ΦˆH
)
e
√
2 Φˆafa HˆuHˆd. (36)
We can integrate out the heavy fields in a supersymmetric
fashion using their equations of motion: ∂W2∂χˆ = 0 and
∂W2
∂ΦˆH
= 0. We find the following effective superpotential
Weff = µeffHˆuHˆd+
c1√
2
ΦˆaHˆuHˆd+
c1
2
∑
n≥2
(
√
2Φˆa)
n
fn−1a
HˆuHˆd.
(37)
In the first term we have µeff = c12 fa, while the last
term contains higher dimension operators that we can
safely neglect because they are suppressed by increasing
negative powers of fa. Next we consider the effects of
SUSY breaking. The soft terms for the low energy field
content read
Vsoft =Tuu˜q˜Hu + Tdd˜q˜Hd + Tee˜l˜Hd + Tc1ΦaHuHd
+BeffHuHd +m
2
Hu |Hu|2 +m2Hd |Hd|2 + φ˜†m2φ˜φ˜
+m2a(Φa + Φ
∗
a)
2 . (38)
The form of the last term is dictated by the shift sym-
metry, which would be otherwise violated if we wrote
m2a|Φa|2. Indeed this term in Eq. (38) gives a mass to
the saxion, the real part of Φa, but leaves the axion mass-
less. Note that after integrating out the heavy fields, the
parameters λ, Tλ, LV do not appear any more in the low
energy lagrangian. We parametrize the fields Hu and Hd
as in Eq. (10), but do not assign a VEV to the field Φa,
as that would break the shift symmetry. Thus we write
Φa =
1√
2
(φa + iσa). The tadpole equations read
∂V
∂φd
∣∣∣∣
φ=σ=0
=m2Hdvd +
1
8
[
2c21vdv
2
u + 8µ
2
effvd − 8vuBeff
+ vd
(
g21 + g
2
2
)
(v2d − v2u)
]
= 0 , (39)
∂V
∂φu
∣∣∣∣
φ=σ=0
=m2Huvu +
1
8
[
2c21vuv
2
d + 8µ
2
effvu − 8vdBeff
− vu
(
g21 + g
2
2
)
(v2d − v2u)
]
= 0 , (40)
∂V
∂φa
∣∣∣∣
φ=σ=0
=vdvuTc1 − c1µeff(v2d + v2u) = 0 . (41)
We see at this stage that the issue which made the model
of the first section inconsistent is no longer present. The
parameter ma is absent from these equations. Thus we
can retain all the soft masses at the MSUSY scale. We
find that the Higgs masses are now the same as in the
MSSM, up to tiny corrections proportional to the small
parameter c1. The correction to the heavy Higgs mass
in Eq. (23) proportional to vχ is no longer present, as vχ
is effectively zero in the limit MSB  fa. The axion is
massless.
The saxion mass comes almost entirely from the soft
parameter ma, as the contributions from the mixing with
the Higgs fields are suppressed by the tiny value of c1,
and it deserves a comment. If one considered minimal
gauge mediation as an example of low scale SUSY break-
ing, then the parameter ma would only be generated at
three loops, as Φa is a gauge singlet. The saxion would
then be very light and very problematic from the cosmo-
logical point of view [46]. One could easily contemplate
extended hidden sectors in the context of gauge medi-
ation which would result in a heavier saxion [47]. Such
extensions would likely produce a mass for the axino com-
parable to that of the saxion. However, it is our aim here
to keep our model minimal in order to make it as pre-
dictive as possible. Thus we do not consider any hidden
sector or mediation mechanism but just parametrize the
saxion mass as ma. This is a free parameter for us, which
can be taken to be of order MSUSY, to avoid cosmolog-
ical problems. A further clarification is then necessary.
In Ref. [32] the authors claimed that in theories with
spontaneously broken SUSY with MSB  fa the saxion
mass is at most M2SUSY/fa. Their result relies on the
assumption that the supertrace sum rule [48] holds. The
inclusion of the explicit soft SUSY breaking terms vio-
8lates this assumption, and our saxion mass comes indeed
from the soft term. Therefore our result is not in conflict
with Ref. [32].
Let us consider the fermions. In the basis
(
λB˜ , W˜
0, H˜0u, H˜
0
d , Φ˜a
)
the 5×5 extended neutralino mass
matrix reads
mχ0 =

M1 0
1
2g1vu − 12g1vd 0
0 M2 − 12g2vu 12g2vd 0
1
2g1vu − 12g2vu 0 −µeff − 12c1vd− 12g1vd 12g2vd −µeff 0 − 12c1vu
0 0 − 12c1vd − 12c1vu 0
 . (42)
The smallest eigenvalue here is of order c1v, with v of
order the EWSB VEV, and it corresponds to the axino.
Given that c1 = µefffa , the axino in this model has a mass
of order M2SUSY/fa ≤ O(keV).
Comments
The axino mass has been widely discussed in the lit-
erature. Tamvakis and Wyler [32] showed that in mod-
els with global SUSY the axino mass would be at most
of order O
(
M2SUSY
fa
)
after SUSY breaking. Chun, Kim,
Lukas and Nilles [33, 34] found that in models with lo-
cal SUSY, i.e. supergravity, the axino mass can have a
wider range and can be as large as the gravitino mass,
m3/2. Our results agree with those statements. Indeed a
low SUSY breaking scale, for which we find a light axino,
is typical of models with global SUSY, while a higher
scale, MSB ≥ fa, for which we find a heavier axino, is
representative of supergravity. In the latter case we can
identify the scale of our soft terms with the gravitino
mass, MSUSY ∼ m3/2 ∼ FMp , with Mp the Planck mass.
We emphasize, however, that the distinction between
models of global SUSY breaking and supergravity is not
strictly related to the scale MSB. Recently, for example,
gauge mediation models with a high scale, MSB > fa,
have been considered (see e.g. [49]). Our statements on
the axino mass only refer to the relative size of the scales
MSB and fa and make no explicit reference to the SUSY
breaking mechanism.
Our results apply as long as the scales fa and MSB
are well separated. The case fa ' MSB would require a
special treatment because it is no longer valid to consider
the SUSY breaking effects to appear/disappear instanta-
neously. However this is not possible in a momentum in-
dependent renormalization scheme like DR which treats
thresholds as step functions [50], and is beyond the scope
of this discussion here.
AXION/AXINO COUPLINGS TO GAUGE
FIELDS
The most important feature of an axion model is that
it must solve the strong CP problem. This is achieved
thanks to the fact that the U(1)PQ is anomalous, which
generates the following coupling of the axion to the glu-
ons
Lagg = αs
8pi
aphys
fa
GaµνG˜
aµν . (43)
Here αs =
g2s
4pi , with gs the strong coupling constant,
aphys is the axion field, i.e. the massless eigenstate in
the scalar CP-odd sector, Gaµν the gluon field strength,
and G˜aµν ≡ µνρσGaρσ. This anomalous coupling in our
model is exactly the same as in the original non-SUSY
version of the DFSZ model [13], and generates a small
axion mass, ma, such that mafa ' mpifpi, where mpi and
fpi are the pion mass and decay constant.
The SUSY model defined in the previous section
departs from its non-SUSY counterpart [13] for what
concerns the coupling of axions to photons, which we
parametrize as [51]
Laγγ = Gaγγ
4
aphysFµν F˜
µν , (44)
where
Gaγγ =
α
2pifa
(
E
N
− 2
3
4 + z
1 + z
)
, (45)
with α the fine structure constant, E and N the elec-
tromagnetic and color anomalies of the U(1)PQ current,
z ≡ mu/md. In the original DFSZ model [13] one has
E = 43Ng(XHu+XHd) and N =
1
2Ng(XHu+XHd), which
results in E/N = 8/3. Here XHu and XHd are the PQ
charges of the corresponding Higgs doublets, Ng is the
number of quark and lepton generations. In our SUSY
model there is an extra contribution to the electromag-
netic anomaly which comes from the electrically charged
9higgsinos. Including this contribution we find
E =
(
4
3
Ng + 1
)
(XHu +XHd) (46)
E
N
=
2
Ng
(
4
3
Ng + 1
)
=
10
3
, (47)
where in the last equality we have set Ng = 3. Thus the
coupling to photons, which is crucial to many experimen-
tal axion searches, is slightly modified compared to the
original model [13].
The axino couplings to gauge fields can also be rele-
vant, in particular to study the thermal production of
the axino in cosmology (see e.g. Refs. [19, 20, 52]). The
form of the operators for the interactions axino - gaug-
ino - gauge boson can be obtained via supersymmetriza-
tion of eq. (43) and eq. (44). However the coefficients
of these operators will be different as the physical ax-
ino is a slightly different linear combination of the fields
Aˆ, ˆ¯A, χˆ, Hˆu, Hˆd, compared to the axion. Such coefficients
can be calculated numerically in our model, but this is
beyond the scope of the current work.
CONCLUSION
We have investigated what are the minimal ingredi-
ents needed to define a consistent minimal supersym-
metric DFSZ axion model. We have pointed out that
the simplest model, which was first proposed in Ref. [15],
is inconsistent as it suffers from a tachyonic saxion. The
issue is solved by extending the superpotential to stabi-
lize the PQ scale. We have then considered two cases:
one where the SUSY breaking scale is much lower than
the PQ breaking scale, the other where the two scales are
comparable. In both cases the axion remains massless,
as it should, and the saxion gets a mass of order MSUSY
(or m3/2), roughly in the TeV range. The axino mass is
dramatically different depending on the scenario. In the
first (MSB  fa) it is very light, below the keV scale,
while in the second (MSB ≥ fa) it can be as large as the
saxion mass. These results are in agreement with pre-
vious statements in the literature. Furthermore, in the
second case, the mixing between the new states and the
MSSM Higgs sector doesn’t affect the mass of the light
Higgs but can change the prediction for the heavy Higgs
mass.
We have also discussed the couplings of the axion to
gluons and photons. For the latter we found that the
presence of charged higgsinos in the SUSY model slightly
modifies the strength of the coupling, which could have
implications for some experimental axion searches.
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RGEs
In this appendix we give the one-loop RGEs for the
model of Section . For each parameterX they are defined
by the following equation:
d
dt
X =
1
16pi2
β
(1)
X , (48)
with t = logQ, where Q is the renormalization scale. For
parameters already present in the MSSM we show only
the difference to the corresponding RGE in the MSSM
∆β
(1)
X = β
(1)
X − β(1),MSSMX . (49)
The RGEs have been calculated using the generic expres-
sions of Ref. [3] which are implemented in SARAH [40].
Trilinear Superpotential Parameters
β(1)c1 = −3c1g22 + 3c1Tr
(
YdY
†
d
)
+ 3c1Tr
(
YuY
†
u
)
+ 4c21c
∗
1 + c1|λ|2 + c1Tr
(
YeY
†
e
)
− 3
5
c1g
2
1 (50)
β
(1)
λ = λ
(
2|c1|2 + 3|λ|2
)
(51)
∆β
(1)
Yd
= Yd|c1|2 (52)
∆β
(1)
Ye
= Ye|c1|2 (53)
∆β
(1)
Yu
= Yu|c1|2 (54)
Linear Superpotential Parameters
β
(1)
f2a
= f2a |λ|2 (55)
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Trilinear Soft-Breaking Parameters
β
(1)
Tc1
= +Tc1
(
12|c1|2 − 3g22 + 3Tr
(
YdY
†
d
)
+ 3Tr
(
YuY
†
u
)
− 3
5
g21 + |λ|2 + Tr
(
YeY
†
e
))
+
2
5
c1
(
15g22M2 + 15Tr
(
Y †d Td
)
+ 15Tr
(
Y †uTu
)
+
3g21M1 + 5λ
∗Tλ + 5Tr
(
Y †e Te
))
(56)
β
(1)
Tλ
= 2c∗1
(
2λTc1 + c1Tλ
)
+ 9|λ|2Tλ (57)
∆β
(1)
Td
= |c1|2Td + 2Ydc∗1Tc1 (58)
∆β
(1)
Te
= |c1|2Te + 2Yec∗1Tc1 (59)
∆β
(1)
Tu
= |c1|2Tu + 2Yuc∗1Tc1 (60)
Linear Soft-Breaking Parameters
β
(1)
LV
= λ∗
(1
2
f2aTλ + λLV
)
(61)
Soft-Breaking Scalar Masses
β
(1)
m2a
= 2
(
2
(
m2a +m
2
Hd
+m2Hu
)
|c1|2 + 2|Tc1|2
+
(
m2a +m
2
a¯ +m
2
χ)|λ|2 + |Tλ|2
)
(62)
β
(1)
m2a¯
= 2
((
m2a +m
2
a¯ +m
2
χ)|λ|2 + |Tλ|2
)
(63)
β
(1)
m2χ
= 2
((
m2a +m
2
a¯ +m
2
χ)|λ|2 + |Tλ|2
)
(64)
∆β
(1)
m2Hd
= +2m2a|c1|2 + 2|Tc1|2 (65)
∆β
(1)
m2Hu
= +2m2a|c1|2 + 2|Tc1|2 (66)
Vacuum expectation values
β(1)vx = −vx
(
2|c1|2 + |λ|2
)
(67)
β(1)vx¯ = −vx¯|λ|2 (68)
β(1)vχ = −vχ|λ|2 (69)
∆β(1)vd = −vd|c1|2 (70)
∆β(1)vu = −vu|c1|2 (71)
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